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ABSTRACT—For the purpose of investigation of electromagnetic
interference (EMI) mechanisms in hard- and soft-switching
PWM inverters, empirical models and comparative experiments
were studied in both time-domain and frequency-domain.
Models of the major circuit components including switching
devices, passive components and interconnects were obtained
with  physics-based device ~modeling and time-domain
reflectometry (TDR) for parasitics charactérization.  The
inverter simulation was then constructed using all the empirical
models, and the results were compared with those from prototype
experiments to examine the significant roles of parasitic elements
coupled with device switching dynamics in EMI generations.
With separation of common- and differential-mode EMI, the
modeling approach is demonstrated to be effective over most of
the EMI frequency range and the soft-switching effects on EMI
are discussed.

I INTRODUCTION

It is typical today that PWM inverters require hlgh speed
switching devices such as the insulated gate bipolar transistor
(IGBT) to achieve high performances in dynamic response,
efficiency, acoustic noise, size, and weight. However,.these
fast switching devices generate high voltage slew rate (dv/dr)
and high common-mode voltage [1-3]. High dv/dt can result
in premature insulation failure resulting in the failure of
inductor, motor, or transformer High dv/dt is also largely
responsible for conducted EML as identified in [4-8].

In recent years, EMI considerations have become
increasingly important, .as electromagnetic _compatibility
(EMC) regulations (typically defined from 10 kHz to 30
MHz) have become more stringent. It is commonly realized
that high sw1tch1ng dv/dt and di/dt are the main sources of
EMI noise. The higher dv/dt or di/dt the switching has, the
higher EMI emissions. However, a PWM inverter system is
very complicated in terms of the power stage (components
and their interconnect parasitics), control circuit, and external
connections.  While some EMI phenomena have been
described and some useful conclusions given in recent
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studies [3-8], the fundamental mechanisms by which EMI
noises are excited and propagated have not been sufficiently
investigated.

Moreover, it is well known that various soft-switching
techniques can significantly reduce the dv/dt or di/dt as well
as switching losses. It is conceivable that the EMI noise
generated by a hard-switching PWM inverter could be
reduced by soft-switching techniques. However, whether soft
switching can improve EMI performance and how the
process works has not been adequately addressed and many
questions remain on this issue. Therefore, a better
understanding of the EMI mechanisms and of the effects of
soft-switching techniques on EMI is needed. Computer-
based EMI analyzing tools are desirable to aid in this
understanding and to facilitate inverter designs for improved
EMC performance or for applying cost-effective EMI
reduction techniques to existing systems.

In this paper, EMI generation mechanisms in a zero-
voltage-transition. (ZVT) soft-switching PWM inverter is
studied through an empirical modeling approach as a
continuation of previous work on hard-switching inverter [9].
An essential part of such an EMI study is the modeling of
device switching dynamic behavior and identification and
characterization of various inverter parasitic elements. A
physics-based IGBT. model developed by Hefner [10-11] was
used for correct switching waveforms with high-frequency
effects such as dv/dt and current tailing. The inverter
parasitics were characterized with the time-domain
reflectometry (TDR) method [12]. The inverter circuit
simulation was constructed with all the empirical models
included and the results were compared with experiments to
examine the significant roles of parasitic elements coupled
with device switching dynamics in the EMI excitation and
propagation. With separation of common- and differential-
mode EMIs, the validity of the modeling approach is verified
and the soft-switching effects on EMI are discussed. This
discussion is based on simulations as well as experiments on
a 50 kW full-bridge IGBT inverter prototype [13].

II. PROTOTYPE INVERTER AND TEST SETUP

In this work, the EMI study was conducted on a full-
bridge PWM inverter under hard- and soft-switching
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operations. - The results of this EMI study can be extended to
a three-phase inverter, las both ‘should possess the same basic
mechanisms in EMI excxtatron and propagation.

Figure 1 shows the circuit of a full-bridge IGBT based
inverter with the dashed lines- indicating the auxiliary circuit
added to achieve zero- voltage turn-on condition for the main
IGBT switches [13].." The prototype PWM inverter was
de51gned to have a rating of 50 kW at 300"V dc bus voltage
and to be operated at 20-kHz switching frequency. The main

switch pairs, $;-S, and Ss- S4, are half-bridge IGBT modules

rated at 600V/400A.., The auxiliary circuit consists of .
resonant capacitors (C,~C4), resonant inductor (L,), ‘two
switches (SA; and SAZ) and two diodes (DA and'DA,). The

. two diodes DA, and DAz are ulira fast soft recovery. diodes .
and the aux1l|ary sw1tches SA/ ‘and ‘SAz are two IGBT’s in

Ly _,\

W

~ comparing’ a’ smusordal signal. with - ar 20 kHz "~ triangular
- signal.
-slow down the Tising rate ‘of the voltage across the ‘main

one half- brldge module

only a fract1on of that requrred for- the mam switches.

|-

| 2700uF *ﬂ

Fig. I:A ZVT'_soft_-switching full-hﬁdge lnverter:_- -

In the inverter {operatlon each’pair ‘of.the main switches - -

“(ie., S; and Sy, of S, and -S;) -are - turned on- or off

s1multaneously, as controlled by a PWM srgnal generated by

_The resonant capac1tors functron as snubbers- and.

~ switches at theif turn-off. ; Before the main-switches turn on, a

s :
* .inductor is charged wrth an’_adequate Curfent.

correspondmg auxiliary. swrtch turns: on- and the resonant,
. Next, the -

-* resonance between the resonant. mductor and the capacrtors

.~ zero ‘before _the swrtchl turns on.
" condition can-be ach1eved and the reverse recovery- problem
' of the-anti- parallel diodeiof the main switch can be alleviatéd. -

_interconnections,
adopted to enablé a compact layout and reduce interconnect . . regulations.

-begins and it brings the Voltage across- the- main switch to.
Thus, .the " zero: voltage

~:Because' EMI is closely related - to- circuit layout and -
a custom- thade . laminated bus bar is .

parasitics.-

‘inverter layout was carefully desrgned and only a minimal _

. change. of connections was needed between hard- swrtchmg

and soft-switching: operation, so. that the inverter structure - . - ; Hohg With
. “good simulation tools are desirable. Models required in the

and the mterconnects remain the sarhe for the comparison.

—ﬁ._:_; P

*One feature of the ZVT circuit is -
- that the current ratmg requlred -for the auxiliary switchesis -

To spectrum analyzer, Motor/inductor

Heat sink
LISN_ _uf'}
Vdc T O Load
. L e ; frame
B | Ground

. Fig. 2. Inverter and LISN connection for EMI measurement.

‘Sine-wave
“Generator

Wall"

T iangle” wavc generator

” - Aux. Power supply

i Electncal Plpe

. a

2mH,
Bus b:

Bulk cap.
" High freq cap. .

- 'Heat smk Aux crrCmt '
- Gate driver IGB
- ) Control board

Fxg 3 EMI room and complete test setup

The connect1on of thé prototype .inverter with the load

“and two. line-impedance -stabilizing- -networks (LISNs) is

shown’in Fig. 2.".As requited by EMC regulations,a large
ground reference plane-was:used ‘as.the €arth ground: Each
LISN provides 50-Q impedance to the system under test. It
also preventsthe noise in-the source from entering the system
under test. For safety reasons, the load frame and the inverter
heatsmk 'were grounded, as mdlcated by ‘the connections -to
the ground reference plane in* Fig. 2.” Conducted EMI
. measurements were made by observing the voltage developed
across the defined LISN impedance ‘with a spectrum analyzer.
With this configuration, the total EMI noise can be measured
‘on either of the two LISN impedances,” while CM or DM
- .EMIs can be separated by taking the sum_ or difference,

‘ respectlvely, of the- 51gnals picked up by the two LISNs.

" The EMI room and Complete test setup-is shown in Fig.
“3:- Because the purpose of-the. study. is to-analyze the source
and -propagation mechanism of EMI, the setup. tends to allow
“‘ease Of operation, but not to fully comply with EMC
The --background noise generated by the

- Two "bulk icapacitors™at 2700 ‘uF each -were - instriments, before starting the 1nverter was noted and
connected to the two ends of the laminatéd bus bar. Six high- .- :

- frequency polypropylene capac1tors were mounted directly’on

" " topof the-bus bar-to rediice the interconnect inductance. The

_-tecorded for reference purpose

III. INVERTER MODELING -

For the purpose of exammlng EMI' géneration, accurate
-models of device and component in the circuit along with
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simuldtion includethose. for the power 'c_iévices, parasitics of
passive component,, cables and °interconnects, stray
capacnors, and ground coupling. " . ’

A Devzce Model

For an accurate power semaconductor dev1ce model
several effects need to be’ considered - with high priority,
‘because - they- ‘dominate the: “high- frequency switching
- characteristics. These important effects include resistivity
modulation,” - charge storage,  MOS  capacitances,
‘electrothermal interaction, and breakdown phenomenon.
Special challenges in ‘developing such models for circuit
simulation arise from the need to simultaneously. fulfill
contradicting requirements- mcludmg “high * quantitative
accuracy, low demand for: computatlon power, and low
demand for physical, structural model parameters.

Recently, a physics-based " IGBT- .model has been
developed for. the first time by Hefner and has become
available in the Saber simulator [10-11]. “The IGBT. modelmg
~ work also provides a detailed parameter extraction method.
Such an advanced JIGBT model - with- high-frequency
switching characteristics is necessary to .obtain correct
switching waveforms such as dv/dt and current tailing. The
model parameters of the IGBT devxce used -in the prototype
“inverters are extracted with experlments ’

Various parasitics exist inside an IGBT module. The
authors have proposed the use of }TDR measurement for
characterization of lead and interconnect parasitics in [12].
With the TDR method, the lead and interconnect inductances
in the IGBT module can be measured without intruding the
device. In addition, there are parasitic capacitances between
IGBT collectors and the module metal baseplate. These
capacitances cause a high-frequency leakage current to flow
to the metal baseplate that is connected to the heatsink. The
heatsink is normally grounded for safety reasons. The IGBT
devices are mounted on the metal base plate with a thin
electrical insulating material sandwiched in between. To
make the thermal resistance small, the 1nsulat1ng layer is
normally made as thin as possible, but the stray capacitance
between the collector and the base plate tends to be large.
With inclusion of interconnect inductance and the stray
capacitance, the complete IGBT module equivalent circuit
can be -obtained as réported i 1n [9, 12]

~ B. Parasitic Models of Bus Bar and Bulk Cﬁpacitor

The custom-designed bus bar and the dc bulk capacitor
used in the prototype inverter are characterized using the
TDR method [12]. The bus bar is used to connect the dc
. power source to'the three IGBT inverter output legs. The bus
bar has three sets of bushings-in the middle for connection to
the IGBT modules, which divide the bis bar into four equal-
length Sections, and thus the bus bar behaves like a
transmission line with a characteristic impedance and a total
time delay. As shown in [12], the transmission line model
. can be partitioned into four equal scgments and approx1matcd
~as four LC ﬁlters in series. :

For capacitors, the parasitic component that affects EMI
the most is the equivalent series inductance (ESL) and the
ESR. With the TDR measurement result, the ESL of a 450
V, 2700 pF electrolytic capacitor was evaluated [12].

1V. TIME DOMAIN COMPARATIVE STUDY

The EMI production mechanism includes noise sources
and noise paths. The noise source is related to the voltage
and current rates of change, i.e., dvw/dt and di/dt. These rates
of change can be observed in time-domain study. With the
inclusion of major parasitic components and the use of a
physics-based device model, the simulated and experimental
IGBT turn-on and turn-off voltage and current waveforms
under hard switching are shown in Figs. 4 and 5, respectively.
The ZVT soft-switching turn-on waveforms are shown in Fig.
6. It can be seen in this figure that the gate signal Vg is
applied after Vce drops to zero.

Because parasitics in the sensor connections and
instrumentation probes were not included in the simulation
model, some high-frequency oscillations shown in the
experimental waveforms were not quite predicted in the
simulation. However, both turn-on and turn-off voltage and
current rates of change are well matched with the computer
simulation. Although the additional parasitic components can
alter the frequency-domain characteristics, their energy level
is low, and it was better to neglect them for this study to
avoid unnecessary complexity and difficulty of convergence
in the simulation process.

@ T m

Fig. 4. IGBT hard-switching turn-on waveforms (a) simulation, (b)

experiment with Vg 100V/div, I:40A/div, and Time:200 ns/div.

(a) (b)
Fig. 5. IGBT hard-switching turn-off waveforms (a) simulation, (b)
experiment with Vcg:100V/div, I:40A/div, and Time:200 ns/div.
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Fig. 6. IGBT ZVT turn-on waveforms (a) simulation, (b) experiment
with Veg:100V/div, I:40A/div, and Time:1ps/div.

V. FREQUENCY DOMAIN COMPARATIVE STUDY

The inverter operation was simulated to obtain its EMI
spectra using the developed circuit .model with major
parasitic inductances and capacitances in device modules,
passive components, léads, and .interconnects. The inverter
simulation was in time domain, and the EMI spectra were
then calculated from the time-domain noise voltage picked up
by the LISNs using fast Fourier transformation (FFT). To
verify the validity of the inverter model, a comparative study
was performed between 51mulat10ns and experiments with the
inverter operating at the same conditions.

Conducted EMI performance, defined from 10 kHz and
30 MHz, is normally examined over two different frequency
ranges: 1)low frequency range (from 10 kHz to 150 kHz),
and 2)high frequéncy range (from 150 kHz to 30 MHz). The
comparisons of the inverter EMI spectra under hard switching
operation are conducted between simulations and
experiments and the results reported in the previous paper
[12]). Based on the comparative EMI waveforms in [12], the
observation can be made that the simulation and experimental
results match well in the low-frequency range. However, for
the high-frequency range, only a fair matching (less than 10-
dB difference) can be seen at the frequencies up to 10 MHz,
and a mismatching at the frequencies higher than 10 MHz.

For the sake of the discussions later in this section on the
comparison of EMI spectra between hard switching and soft
switching, especially in the high-frequency range, it is
convenient to repeat the hard- -switching EMI waveforms here.
Due to space limitation, only the simulated EMI spectra with
hard switching for the high-frequency range are repeated, as
shown in Fig. 7 where the total noise, DM and CM noise are
displayed separately. .

For the inverter’s soft-switching operation, Figs. 8 and 9
show the comparison of the low-frequency EMI.noise spectra
between simulation and experimental results, and Figs. 10
and 11 show that of the high-frequency range, with separation
of the CM and DM noisés from the total noises.

Figs. 8(a), 8(b), and 8(c) are the simulated total, DM, and
CM EMI spectra, respectively; while Figs. 9(a), 9(b) and 9(c)
are the experimental counterparts. As shown in Figs. 8 and 9,
the EMI noises in the low frequency range have high peaks at
the multlples of the 20-kHz (i.e.,"the switching frequency),
and the DM noise is the ;dominant component as compared to

-10
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-80 T T T

-90 : Tt
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(a) Simulated total EMI spectrum in the high-frequency range.
0 .
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(b) Simulated DM EMI spectrum in the high-frequency range.
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(c) Simulated CM EMI spectrum in the high-frequency rangé.

Fig. 7. Simulated EMI noise spectra in the high-frequency
range for hard switching of the 50 kW IGBT inverter.

the CM noise. From this low-frcqucncy comparlson it can
be seen that the simulation and experimental results match
well at the frequencies of the multiple peaks. At the
frequencies in between those multiple peaks, they do not
match quite well due to the fact that the much smaller value
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. at those frequencies causes relatively much higher errors in
the calculations. ‘

Moreover, only the EMI spectra at. the peaks are
important, because those in between the peaks are too small
to be of interest.

" For the EMI comparison in the high fréquency range, the
simulation results of the total, DM, and CM noises are shown
in Figs. 10(a), 10(b), and 10(c), respectively; while the
experimental counterparts are shown in Figs. 11(a), 11(b),
and 11(c), respectively. The inverter operating conditions for

. the shown EMI spectra are the same with a 300-V source
voltage .and a 50-A RMS load. current w1th a 100-Hz
fundamental frequency.

By comparing the simulated total EMI shown in Fig.
10(a) with the experimental one in Fig. 11(a), a fair matching
(about 10-dB difference) can be observed at the frequencies
lower than 10 MHz. At frequencies higher than 10 MHz, the
waveform matching is worse.

From the simulated DM EMI in Fig. 10(b) vs. the
experimental one in Figs. 11(b), one can see that the
waveform matching is acceptable with less than 10-dB error
at the frequencies lower than 6 MHz and the error is less at
the higher frequencies.

For the case of CM noise with Flgs 10(c) vs. 11(c), the
simulated EMI match fairly well with the experiment in the
most of the frequency range. However, in the frequency
range from 5 MHz to 15 MHz, thc mlsmatchmg error is, more
than 10-dB.

The path of DM EMI consists mainly of the parasmc
inductance of device, bulk capacitor, and interconnects. The
DM noise current flows through the inductor windings,
through the winding capacitance of the inductor, and back to
the power mains via the dc bus. It should be noticed that in
the comparison between Figs. 10(b) and 11(b), the DM noise
spectra match quite well between simulation and experiment.
In other words, the inclusion of all the parasitic components
in the DM path is valid for the entire low-frequency range
and most of the high-frequency range: The IGBT model,
which affects the effectiveness 6f the noise source, is also
valid to a large extent.

However, because the matching is not good, the
modeling of the CM EMI is not sufficient. The CM noise
current” flows through the stray capacitance of the load
inductor to the inductor frame and back to the source via the
power mains. The common-mode current also flows through
the stray capacitance between the IGBT collector and the
module’s baseplate that is normally grounded through the
heatsink.

The mismatching of hlgh-frequency EMI spectra
between simulations and experiments can be considered as
follows:.

(1) The gate drive and gate drive power supply noises are
not included. These noises contain mamly high
frequency DM and CM noises [8].

(2) The CM path parasitic components are not included
sufficiently. In the simulation, the only major CM path

that is included is the parasitic capacitance between
IGBT and heatsink. Other CM paths created by load,
power supply transformers, opto-couplers, control
circuit switchings, etc. were not included.

(3) The background EMI noises from instrumentation and
their associated power supplies were neglected.

(4) The sampling and computational methods for spectrum
analysis are different between simulation and
experiment. The simulation takes limited sampling
data and performs FFT for only one fundamental
cycle. However, the experimental results contain a
significant amount of data, and its spectra are obtained
from quasi-peak mode analysis.

(5) The implementation of the auxiliary switch was
different in simulation than that used in the
experiments.  The auxiliary switch used in the
simulation was an IGBT device model, while the
devices in the experiments were MOS-controlled
thyristors (MCT’s).

As indicated by both simulation and experiment results,
the CM noise is the dominant part compared to the DM noise
with soft-switching operation, especially at frequencies
higher than 10 MHz, as is the case with hard switching
operation [9].

By comparing the hard-switching results shown in [9] to
the soft-switching counterparts shown in Fig. 9 through Fig.
11, it was found that the soft-switching technique contributes
significantly in reducing the DM EMI (especially in the
frequency range higher than 1 MHz). However, the soft-
switching technique has much smaller affects on CM EMI.
An improvement on the total EMI with soft-switching
operation was also noticed.

Because DM noise is related to high di/dt and the high
di/dt caused by the reverse recovery of the anti-parallel diode
of the main switches is largely reduced by the ZVT soft
switching, the soft-switching technique helps reduce DM
noise.

One may expect that with a reduced dv/dt across the
main IGBT’s due to the snubber capacitors in soft switching,
the CM EMI should also be proportionally reduced.
However, despite the fact that the main switches’ dv/dr is
reduced, the auxiliary branch is doing hard switching at turn-
on instead of ZVT operation and has excessive ringing at
turn-off as found in the experiments. The ringing is due to
reverse recovery problems of the auxiliary branch diodes
even under zero-current turn-off condition. The ringing
generates large voltage spike with high dv/dt across the
auxiliary switches and thus causes undesirable CM current
flowing through the stray capacitance of the auxiliary branch.
This is an important issue that needs to be dealt with.
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Flg 8. Srmulated EMI spectra in the low frequency range for” - 7
soft sw1tchmg of the 50 kW IGBT mvertcr B
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Fig. 9. Experimental EMI spectra in. the low-frequency range for o
soft sw1tchmg of the-50 kW IGBT 1nverter P
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' VI. CONCLUSION

In this paper, EMI generation mechanisms in PWM
inverter was studied through an empirical modeling approach
with ZVT soft-switching operation as well as with hard
switching operation.; The inverter’s major parasitics were
characterized with the time-domain reflectometry method. A
physics-based IGBT model was used in simulation for correct
switching dynamic waveforms. The significant roles of
parasitic elements coupled with device switching dynamics in
EMI excitation and propagation were demonstrated. Also the
modeling approach was examined with simulation results
compared to actual experiments, and its validity is verified.
This new approach of EMI investigation turns out to be
effective in the low-frequency range and most part of the
high-frequency range. In addition, it is found that the soft-
switching technique contributes significantly in reducing the
DM and the total EMI (especially in the frequency range
higher than 1 MHz), while it has much smaller affects on the
CM EML v ‘
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